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ABSTRACT 
RELATIONSHIP OF CROP METABOLISM AND WATER STATUS TO IRRIGATION NEED 
I r r i g a t i o n  represents the  l a r g e s t  segment o f  consumptive water  use i n  the  
U.S. Consequently, improvements i n  the  e f f i  c iency o f  i rri g a t i  on can have 
an impor tan t  e f f e c t  on the amount o f  water  a v a i l a b l e  f o r  o the r  uses. This 
research was i n t  ti ated t o  determine the physi o log i  ca l  1 i m i t a t i o n s  t o  crop 
y i e l d  dur ing  drought. The i d e n t i  f i  c a t i  or1 o f  these parameters rflay p rov i  de 
a w a y  o f  es t fmat ing  p l a n t  need f o r  i r r i g a t i o n  and avo id ing  unnecessary 
app l ica t fons  o f  water.  
Ma1 ze was grown , to  matur i  ty , and photosynthesis and t rans  1 o c a t i  on o f  
photosynthates were s tud led  when drought occurred du r i  ng g r a i  n develop- 
ment. Both carbon-14 l a b e l i n g  o f  the  photosynthet ic  products and dry 
wei gh t  determinat ions i n d i  cated t h a t  n e t  photosynthesis was s u b s t a n t i a l l y  
reduced whereas t rans  1 o c a t i  on was re1  a t i  ve l y  r a p i  d dur ing  drought. 
Furthermore, g r a i n  product ion occurred i n  p r o p o r t l  on t o  the  cumul a t i  ve 
photosynthesis f o r  the season. I t  was concl uded t h a t  photosynthesis was 
more 1 l m i  t i n g  than t r a n s l o c a t i  on t o  g r a i n  f i  11 under dry condi ti ons and 
t h a t  photosynthet ic  behavior  cou ld  be used t o  r e f l e c t  the  need o f  rr~aize 
crops f o r  water. 
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PROJECT OBJECTIVES 
A g r i c u l t u r e  c u r r e n t l y  consumes more water  than the  r e s t  o f  soc ie t y  
combined. As wor ld  needs f o r  food become l a r g e r ,  i t  i s  l i k e l y  t h a t  
i rri g a t i  on and water  use p lann ing  w i  11 become i n c r e a s i n g l y  impor tan t  
f o r  ob ta in ing  maximumyields. A t  the  same t ime, the  a v a i l a b i l i t y  o f  
h i g h  q u a l i t y  water  w i l l  d im in ish  and i t s  energy cos t  w i l l  increase. 
It i s  t he re fo re  necessary t o  develop c r i t e r i a  which w i l l  op t im ize  
t h e  use o f  water  by crops bu t  w i  11 leave as much as poss ib le  f o r  
o t h e r  uses. 
Th is  research was done t o  he lp  p rov ide  c r i t e r i a  t h a t  w i  11 permi t  
t h e  p r e d i c t i o n  o f  t he  e f f e c t  o f  a  p a r t i c u l a r  crop water  s t a t u s  on 
the  u l t i m a t e  y i e l d  o f  t he  crop. Corn was used as the  experimental  
crop because o f  i t s  r e l a t i v e l y  h igh  requirement f o r  water  and i t s  
h i  gh cos t  o f  product ion,  whi ch makes op t im iza t i on  o f  i rri g a t i  on 
e s s e n t i a l .  
Speci f i  c  ob jec t i ves  were: 
1. To determine whether changes i n  r a t e s  o f  photosynthesis o r  t rans-  
l o c a t i o n  represent  key phys io log i ca l  changes c o n t r o l  l i n g  y i e l d  dur ing  
drought  i n  the g r a i n - f i  1  l i n g  stage o f  crop development. 
2. To begin developing y i e l d - p h y s i o l o g i  ca l  fac to r -water  s ta tus  
r e l a t i o n s h i p s  t h a t  may be use fu l  t o  water  planners and a g r i c u l t u r i s t s .  
SUMMARY OF ACCOMPLISHMENTS 
Both a  f i e l d  exper iment  and a  s o i  1  con ta ine r  exper iment  were conduct- 
ed w i t h  maize growing outdoors.  Because o f  weather problems c o n s i s t i n g  
of  s p r i n g  f l o o d i n g  and an e a r l y  f r o s t ,  t he  f i e l d  exper iment had t o  be 
te rmina ted .  Consequently, a l l  t he  da ta  r e p o r t e d  below r e f e r  t o  maize 
p l a n t s  growing outdoors i n  l a r g e  con ta ine rs  o f  s o i l .  
Methods and Mater i  a l s  
DeKal b  XL45 p l a n t s  were grown i n  po ts  c o n t a i n i n g  approx imate ly  
17 Kg o f  d r y  s o i  1. The h y b r i d  was p l a n t e d  on May 23, emerged on May 
29 and p o l l i n a t e d  on August 2. To assure t he  development o f  a  good 
ear ,  t h e  p l a n t s  were f e r t i  l i z e d  and watered r e g u l a r l y  through t he  
p o l l i n a t i o n  s tage.  k t  10 days a f t e r  p o l l i n a t i o n  t h r e e  rep1 i c a t i o n s  o f  
two t reatments  were imposed f o r  t he  remainder o f  the  growth cyc le :  1)  
c o n t r o l  p l a n t s  ( l e a f  wa te r  p o t e n t i a l  o f  - 3  t o  -14 ba rs )  and 2 )  wa te r  
d e f i c i e n t  p l a n t s  ( l e a f  wa te r  p o t e n t i a l  o f  -17 t o  -20 b a r s ) .  The wa te r  
d e f i c i e n t  p l a n t s  were ma in ta ined  a t  near  cons tan t  wa te r  p o t e n t i  a l s  by 
adding 100 ml o f  wa te r  t o  t he  pots  on days o f  h i g h  evapo ra t i ve  demand. 
To observe photosynthes is  and t r a n s l o c a t i o n ,  two types o f  ana l ys i s  
were u t i l i z e d :  1 )  whole p l a n t  and p l a n t  segrlient d r y  we igh ts  were 
measured 10, 17, 18, 24, 32, 40, and 51 days a f t e r  p o l l i n a t i o n  and 2 )  
a  s i n g l e  l e a f  was exposed t o  r a d i o a c t i v e  carbon d i o x i d e  (14c02) on t h e  
seventh day a f t e r  i n i t i a t i o n  o f  drought .  The exposure c o r ~ s i s t e d  o f  i n -  
j e c t i n g  l a c t i c  a c i d  i n t o  a  s o l u t i o n  o f  ~ a ~ ~ ~ 0 ~  ( a c t i v i t y  o f  11.1 X l o 7  
dpm) i n s i d e  a  P l e x i g l a s  chamber c o n t a i n i n g  t he  t i pwa rd  30.5 crn o f  t he  
second l e a f  f o r  10 minutes. Exposures were conducted a t  2 2  hours o f  
s o l a r  noon, and p l a n t s  were harves ted  and d i v i d e d  i n t o  d i f f e r e n t  p a r t s  
a t  1, 4 and 24 hours a f t e r  t he  i n i t i a t i o n  o f  l a b e l i n g .  
A l l  p l a n t  ma te r i a l  was d r i e d  t o  a  constant  weight  a t  70°C, and 
t i s s u e  f o r  r a d i o a c t i v e  ana lys is  was ground i n  a  W i  l e y  m i l l .  A 100 mg 
sample o f  r a d i o a c t i v e  t i s s u e  was ox id i zed  i n  a  Packard Tri-Carb Sample 
Ox id izer  and counted on a  l i q u i d  s c i n t i  1  l a t i  on counter.  
Res u1 t s  
To ta l  p l a n t  d ry  weight  ( n e t  photosynthesis) and the percent  of 
p l a n t  dry we igh t  i n  the g r a i n  ( t r a n s l o c a t i o n  o f  a s s i m i l a t e  t o  the  
kerne ls )  increased a f t e r  pol  1  i n a t i  on (F igure  1) .  An ana lys is  o f  
v a r i  ance i nd i  cated t h a t  n e t  photosynthesis was u l t i m a t e l y  reduced ( t o  
near zero) by moisture de f i c i ency  whereas the  percentage o f  dry weight  
t rans located t o  the  g r a i n  was n o t  s i g n i f i c a n t l y  a f fec ted .  Net photo- 
syn thes is  was sharp ly  i n h i b i t e d  on the  four teenth  day a f t e r  water  
was w i thhe ld  from the  s o i l  (F ig.  1) .  T rans locat ion  was i d e n t i c a l  f o r  
the  two treatments u n t i l  t he  f i n a l  week (41-51 days a f t e r  f l ower ing ) ,  
b u t  even then the  d i f ferences were nQt, s t a t i s t i c a l l y  s i g n i f i c a n t  (F ig.  1 ) .  
An ana lys is  o f  the  carbon-14 data i n d i c a t e d  t h a t  14c02 absorpt ion 
by the  second lea f  above the  ea r  on the  water  d e f i c i e n t  p lan ts  was 
reduced t o  35% of t he  14c02 absorpt ion by t h e  w e l l  watered p lan ts .  
Thus, under the  cond i t ions  o f  t h i s  experiment both the  dry weight  and 
4 ~ 0 2  data support the  conclus ion t h a t  photosynthesis was be ing  reduced 
by the  s t ress  t reatment .  
Tissue harvested 1  hour a f t e r  l a b e l i n g  i n d i c a t e s  t h a t  t he  r a t e  o f  
t r a n s l o c a t i o n  o u t  o f  the  exposed l e a f  o f  the  water  d e f i c i e n t  p lan ts  was 
i n i t i a l l y  s lower than t h a t  from w e l l  watered p lan ts   a able 1).  However, 
t he  percent  14c i n  the  g r a i n  a f t e r  24 hours was s i m i l a r  f o r  the  two 
treatments. Therefore, i t  appears t h a t  the  u l t i m a t e  t rans1 o c a t i  on of 
photosynthate t o  the  g r a i n  was n o t  appreciably  a f f e c t e d  by drought i n  
comparison t o  the  product ion o f  ass imi la tes  on day 7  o f  the  s t r e s s  
per iod.  
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Table 1. The d i s t r i b u t i o n  o f  14c i n  c o n t r o l  and water  d e f i c i e n t  p lan ts  a t  d i f f e r e n t  
t imes a f t e r  the i n i t i a t i o n  o f  l a b e l i n g .  
14 % o f  t o t a l  C i n  p l a n t  p a r t s  
1  hour harves t  4  hour harves t  ' 24 hour harves t  
Contro l  D e f i c i e n t  Contro l  Def i  c i e n t  Contro l  D e f i c i e n t  - 
Upper p l a n t  t i s s u e  1.6 0.3 5.2 3.6 2.2 1.3 
Exposed l e a f  61.7 90.1 52.6 62.2 11.6 24.0 
Remainder o f  exposed 19.1 7.4 23.2 5.2 3.3 3.7 
l e a f  & sheath 
Ear s t a l  k  segment 10.0 1.5 4.6 4.6 4.0 1.1 
Grain 1.4 0.2 23.1 11.7 51 .O 46.-0 
Cob 0.5 0.1 10.2 4.5 11.4 11.0 ' 
Husk 1.2 0.1 
bower p l a n t  t i s s u e  1.5 0.2 
Root 0.1 0.0 
Movement o f  the  f i xed  carbon-14 was s t a t i s t i c a l l y  analyzed by 
u t i l i z i n g  the  percent  o f :  1) 14c a c t i v i t y  remain ing i n  t he  exposed 
l e a f  and 2)  14c a c t i v i t y  i n  t he  g ra in .  The ana lys is  o f  var iance f o r  
percent  14c remaining i n  t he  exposed l e a f  i n d i c a t e d  t h a t  water  
de f i  c iency d i d  n o t  s i g n i f i c a n t l y  reduce the  movement o f  photosynthate 
o u t  of t he  l e a f .  Also, the ana l ys i s  o f  percent  14c i n  the  g r a i n  
i n d i c a t e s  t h a t  water  d e f i c i e n c y  d i d  n o t  s i g n i  f i c a n t l y  reduce the  
cumulat ive f low o f  photosynthe t ic  ass im i l a tes  i n t o  the g ra in .  
The l b a f  water  p o t e n t i a l s  o f  t h e  14c l abe led  c o n t r o l  and water  
d e f i c i e n t  p l a n t s  a t  ha rves t  t ime are  shown i n  F igure  2. The water  
p o t e n t i a l s  of the  s t r e s s  p l a n t s  were s i g n i f i c a n t l y  lower than those of 
c o n t r o l  p lan ts .  
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Both dry weight  data and the  carbon-14 data i n d i c a t e  t h a t  dur ing  
e a r l y  g r a i n  f i  11, we1 1  watered p lan ts  were u t i  1  i z i  ng photosynthet i  c  
m a t e r i a l  f o r  both g r a i n  f i  11 and the  maintenance o f  p l a n t  growth, 
w h i l e  the  water  d e f i c i e n t  p lan ts  were t r a n s p o r t i n g  most o f  t h e i r  
ass imi la tes  t o  the  gra in .  The water d e f i c i e n t  p lan ts  then l o s t  t h e i r  
a b i l i t y  t o  rna i r~ ta i r~  a  favorable photosynthet ic  r a t e  which r e s u l t e d  i n  
l i t t l e ,  i f  any, product ion o f  photosynthate f o r  t he  g r a i n  du r ing  the  
l a s t  few weeks of g r a i n  f i l l .  We can conclude t h a t  drought dur ing  
g r a i n  f i l l  was more de t r imenta l  t o  photosynthesis than t o  t rans loca t i on .  
DISCUSSION 
The product ion o f  g r a i n  y i e l d  i n  crops has been the sub jec t  of 
much study ( 6 ) .  It i s  c l e a r l y  a f f e c t e d  by the  amount o f  l e a f  area, t he  
photosynthet ic  a c t i v i t y  o f  the  leaves, the  r a t e  o f  t r a n s l o c a t i o n  t o  
the  gra in ,  source-sink r e l a t i  onshi ps, r e s p i r a t i o n ,  hormonal balance 
and perhaps o ther  unknown factors.  These e x e r t  major in f luences a t  
d i f f e r e n t  t imes dur ing  the  development o f  crops, and consequently 
t h e i r  r e l a t i o n s h i p  t o  y i e l d  i s  complex. 
This  research i nves t i ga tes  the  importance o f  photosynthesi s  and 
t r a n s l o c a t i o n  t o  y i e l d  dur ing  drought because o f  t h e i r  c e n t r a l  r o l e  i n  
g r a i n  product ion.  Photosynthesi s  accounts f o r  most o f  the  dry  weight 
o f  the p l a n t  and t rans l o c a t i o n  i s  responsib le f o r  t r a n s p o r t i n g  rrluch 
of t h a t  d ry  mat te r  t o  the  g r a i n  (as much as 50% o f  t he  t o t a l  i n  rr~aize). 
During g r a i n  f i  11, l e a f  development has l a r g e l y  ceased i n  maize and 
r e s p i r a t i o n  i s  on l y  a  smal l  f r a c t i o n  o f  the  t o t a l  carbon exchange o f  
p lan ts .  
There i s  disagreement concerni r ~ g  the  i n v o l  verr~ent o f  photosynthesis 
and t r a n s l o c a t i o n  i n  t he  y i e l d  reduc t ion  caused by drought. barge 
reduct ions i n  photosynthesis occur (3 )  b u t  t h e i r  r o l e  i n  reducing 
g r a i n  f i  11 has been unstudied. T rans loca t i o r~  i s  a l s o  reduced (2,4,5), 
b u t  opinions d i f f e r  as t o  t h e  cause, which has been a t t r i b u t e d  t o  a 
d i r e c t  i n h i b i t i o n  o f  t he  process (2 )  o r  a l a c k  o f  photosynthate 
a v a i l a b l e  f o r  t r a n s p o r t  ( 5 ) .  
The present  data i n d i  cate t h a t  photosynthesis i s  more i n h i b i t e d  
than t rans loca t i on  dur ing  drought. Two conclusions the re fo re  seem 
warranted. F i r s t ,  photosynthesis i s  1.ikely t o  be more l i m i t i n g  than 
t rans1  o c a t i  on t o  g ra in  development.. Since l e a f  growth had ceased 
by t h i s  stage o f  developmerlt and s ince  r e s p i r a t i o n  i s  considerably 
l ess  s e n s i t i v e  than photosynthesis t o  moisture de f ic iency ,  photo- 
synthesis  i s  probably t h e  prirnary l i m i t i n g  process t o  g r a i n  y i e l d  i n  
maize subjected t o  drought. 
The second conclus ion i s  t h a t  t rans loca t i on ,  which proceeded rap id -  
l y  i n  s p i t e  o f  near zero photosynthesis,  probably t r a n s p ~ r t e d  photo- 
s y n t h e t i c  m a t e r i a l .  l a i d  down p r i o r  t o  t he  drought. I n  t h a t  way, g r a i n  
f i l l  cont inued i n  s p i t e  o f  a dec l ine  i n  photosynthesis.  Since the  
percentage o f  pt -~otosynthet i  c ma te r i a l  t ranspor ted  t o  the  g r a i n  remained 
v i r t u a l l y  the  same f o r  bo th  types o f  p lan ts ,  t r a n s l o c a t i o n  was apparent- 
l y  c o n t r o l l e d  by t h e  t o t a l  photosynthate accumulated dur ing  t h e  growing 
season. Th is  probably exp la ins  why t h e  t o t a l  photosynthesis du r ing  the  
growing season c o n t r o l l e d  y i e l d .  
It should be po in ted  out,  however, t h a t  t he  w e l l  watered p lan ts  
produced on ly  moderate g ra in  y i e l d s  i n  t h i s  experiment (perhaps on ly  
2 /3  o f  those expected f o r  f i e l d  crops) .  The low y i e l d  was probably 
caused by some f a c t o r  t h a t  adversely a f f e c t e d  growth i n  t h e  s o i l  
conta iners,  and i t  reduced the  e f f e c t s  o f  drought on photosynthesis 
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proceed w i t h  any degree of p r e d i c t i b i  1  i t y  unless crop need i s  known 
and many o f  t h e  problerr~s o f  a l t e r n a t e  uses o f  water  and cos t -bene f i t  
c o r ~ s i  d e r a t i  ons could be accomodated by t h e  approach suggested above. 
Although t h i s  research i nd i ca tes  t h a t  much o f  the e f f e c t  o f  drought 
on t h e  g r a i n  y i e l d  o f  a  crop can be p red i c ted  from i t s  e f f e c t s  on photo- 
synthesis ,  there  are c e r t a i n  aspects o f  crop development and a g r i  cu l  t u r -  
a1 p r a c t i c e  t h a t  cannot be accomodated by t h i s  idea. F i r s t ,  drought 
t h a t  occurs du r ing  f l o r a l  development and f l o w e r i n g  can cause reduct ions 
i n  the  number o f  seeds s e t  by the  p l a n t  i n  s p i t e  o f  a  h igh  a v a i l a b i l i t y '  
o f  photosynthate du r ing  the  r e s t  o f  the  growth cyc le.  I nves t i ga t i ons  
o f  drought e f f e c t s  on the  f l ower ing  process should the re fo re  be worth-  
whi l e .  Second, drought o f t e n  causes secondary e f f e c t s  which r e s u l t  i n  
reduct ions i n  y i e l d  q u i t e  apa r t  f rom photosynthet ic  phenomena. Lack o f  
moisture may cause stem weakening and lodg ing  o f  the  crop. Drought 
a l s o  increases the  suscept i  b i  1  i t y  o f  many crops t o  c e r t a i n  pathogens. 
Thus, the  y i e l d  reduc t ion  experienced by the farmer may be l a r g e r  than 
p red i c ted  from t h e  photosynthet ic  behavior  o f  the  crop alone. 
These a d d i t i o n a l  problems underscore the  need f o r  we1 1  -formu1 ated 
f i e l d  experiments t o  supplement the  work repor ted  here. With funds 
from the  U n i v e r s i t y  of I l l i n o i s ,  we are p resen t l y  conduct ing a  f i e l d  
experiment based on the  present  f i nd ings .  I n  add i t i on ,  i n v e s t i g a t i o n s  
of t he  phys io log i ca l  mechanisms of drought response are be ing  conducted 
i n  t he  l abo ra to ry  w i t h  funds from t h e  Nat iona l  Science Foundation. From 
the  f i e l d  work, we expect the y i e l d  reduc t ion  t o  be determined by t h e  
loss  of photosynthesis p lus an a d d i t i o n a l  increment r e s u l t i n g  f rom i n -  
d i r e c t  e f f e c t s  o f  drought. Thus, t he  y i e l d  reduc t i on  frorn photosyn- 
t hes i s  should represent  the minimum t o  be expected by the  farmer. 
I n  the l abo ra to ry ,  we w i l l  s tudy the  c e l l u l a r  mechanisms respons ib le  
f o r  the  decrease i n  photosynthesis.  
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